1-3 and observations over recent decades 4, 5 indicate that precipitation in subtropical latitudes declines in response to anthropogenic warming, with significant implications for food production and population sustainability. However, this conclusion is derived from emissions scenarios with rapidly increasing radiative forcing to the year 2100 1,2 , which may represent very different conditions from both past and future 'equilibrium' warmer climates. Here, we examine multi-century future climate simulations and show that in the Southern Hemisphere subtropical drying ceases soon after global temperature stabilizes. Our results suggest that twenty-first century Southern Hemisphere subtropical drying is not a feature of warm climates per se, but is primarily a response to rapidly rising forcing and global temperatures, as tropical sea-surface temperatures rise more than southern subtropical sea-surface temperatures under transient warming. Subtropical drying may therefore be a temporary response to rapid warming: as greenhouse gas concentrations and global temperatures stabilize, Southern Hemisphere subtropical regions may experience positive precipitation trends.
, which may represent very different conditions from both past and future 'equilibrium' warmer climates. Here, we examine multi-century future climate simulations and show that in the Southern Hemisphere subtropical drying ceases soon after global temperature stabilizes. Our results suggest that twenty-first century Southern Hemisphere subtropical drying is not a feature of warm climates per se, but is primarily a response to rapidly rising forcing and global temperatures, as tropical sea-surface temperatures rise more than southern subtropical sea-surface temperatures under transient warming. Subtropical drying may therefore be a temporary response to rapid warming: as greenhouse gas concentrations and global temperatures stabilize, Southern Hemisphere subtropical regions may experience positive precipitation trends.
As Earth's climate warms in response to rising greenhouse gas (GHG) concentrations, the average global precipitation is expected to increase ( Supplementary Fig. 1 ), but zonally averaged subtropical precipitation is projected to decrease 1, 6, 7 . Several mechanisms have been proposed for this decrease, including: thermodynamic processes through which wet regions become wetter and dry regions become drier 6 ; and dynamic changes 7 , such as the latitudinal expansion of the tropical overturning (Hadley) circulation 8 and poleward shifts in the westerlies 4, 9 . Recent studies have suggested a central role for the fast response to direct radiative forcing of CO 2 10 , resulting in changes in the land-sea temperature contrast and a decline in subtropical precipitation, predominantly over the ocean 11 . Subtropical drying may already be evident in the Southern Hemisphere, where recent decades have witnessed declining cool-season frontal precipitation, leading to drying over regions such as southern Australia 2, 4, 5 . Coupled Model Intercomparison Project Phase 5 (CMIP5) 12 projections under high-emissions scenarios show a high level of consensus that this cool-season trend will continue until ad 2100 1 . In contrast with this projected warmer and drier future, evidence from warm climates of the geologically recent past suggests that wetting, rather than drying, has been the equilibrium response of subtropical precipitation to warmer-than-present climate states. For example, during the Pliocene epoch (5.3-2.6 million years ago), global temperatures were ≥ 3 °C warmer than pre-industrial temperatures, and atmospheric CO 2 is estimated to have been ~400 ppm, while global land-sea configurations and continental topography were similar to today 13 . In response to warm Pliocene temperatures, subtropical regions of both hemispheres were generally wetter than today [14] [15] [16] [17] . Thus, there is an apparent contradiction between a projected warm, dry future subtropics and its reconstructed warm, wet past 18, 19 . Most climate simulations have focused on the transient climates of the twenty-first century, with rapidly changing radiative forcing and temperatures that have few parallels in the geological record. Increased interest in the impacts of stabilizing global mean temperature at a desired level 20, 21 raises the question of what a warmerthan-present, equilibrium climate state will look like, in contrast with better-studied, highly transient future climates. We therefore pose the question: are twenty-first-century subtropical drying trends transient, or will the drier subtropics persist in an equilibrium or near-equilibrium warmer climate?
To address this question, we explore the evolution of subtropical precipitation under future, multi-century, warm-climate scenarios in which temperatures begin to stabilize following a projected rapid increase during most or all of the twenty-first century. Although most current-generation climate models do not adequately represent important 'slow' components of the climate system (for example, ice sheets and dynamic vegetation) that equilibrate with forcing over centuries to millennia 22, 23 , we refer to the period following stabilization of radiative forcing in these simulations as a 'near-equilibrium' state, to distinguish it from the rapidly changing forcing and temperatures that are expected to characterize much of the current century. This is not to be confused with a full geological 'equilibrium' state achieved only after many centuries to millennia of changes in ice sheet extent, vegetation and deep ocean warming 24, 25 . To evaluate precipitation responses to future near-equilibrium climates, we examined subtropical precipitation in scenarios in which GHG concentrations and temperatures stabilize during multi-century simulations. We examined subtropical precipitation in CMIP5 model runs under Representative Concentration
Southern Hemisphere subtropical drying as a transient response to warming
Letters Nature Climate CHaNge Pathways (RCPs) 4.5 and 8.5, using their extensions to ad 2300 (Extended Concentration Pathway (ECP) scenarios 4.5 and 8.5) 26 . Both ECPs represent worlds with high atmospheric CO 2 (~2× and ~7× pre-industrial levels by ad 2300, respectively), but in ECP 4.5 atmospheric CO 2 concentrations stabilize by around ad 2080, whereas in ECP 8.5 stabilization is not reached until around ad 2250, at much higher global temperatures ( Supplementary  Fig. 2 ). In addition, we examined an even longer simulation using the Canadian Centre for Climate Modelling and Analysis Earth System Model (CanESM1) extending to ad 3000, based on a scenario of rapidly increasing atmospheric CO 2 concentrations (to ~2.7× pre-industrial levels) followed by complete cessation of emissions by ad 2100 27 ( Supplementary Fig. 3 ). The Southern Hemisphere subtropical precipitation trends, averaged over all longitudes within the latitude range 25-35° S (Fig. 1) , show that the twenty-first-century decline occurs in the austral winter (represented by June through August (JJA) precipitation), consistent with previous studies 1 . The JJA Southern Hemisphere subtropical drying trend flattens, or reverses, soon after ad 2100 in ECP 4.5 and around ad 2200 in ECP 8.5 (Fig. 1) . Thus, Southern Hemisphere subtropical precipitation reductions are greatest in JJA and in the twenty-first century, under both ECPs. Soon after the rate of warming declines ( Supplementary Fig. 2 ), in both ECP 4.5 and ECP 8.5, JJA precipitation trends change from negative to near zero or positive in several models in ECP 4.5, and to positive in all models in ECP 8.5 (Fig. 1) .
Spatial patterns of the precipitation trends for ECP 8.5 are shown in Fig. 2 (equivalent ECP 4.5 trends are shown in Supplementary  Fig. 4 ). In the twenty-first century, JJA Southern Hemisphere subtropical precipitation trends are predominantly negative, especially in regions with high model agreement (indicated by stippling), including over both land and ocean. By the twenty-third century, the JJA Southern Hemisphere subtropics exhibits a pattern of weaker, largely positive precipitation trends with some areas of high model agreement, again over both land and ocean. The ECP 8.5 annual Southern Hemisphere subtropical precipitation trend also changes from largely negative values in the twenty-first century to weaker positive trends in the twenty-third century.
To explore the drivers of these reversals in the sign of precipitation change, we examined changes in the Southern Hemisphere meridional temperature gradient (MTG), calculated as the difference between 0-10° S and 25-35° S zonal mean sea-surface temperatures (SSTs) (note that the results are similar when different definitions of the MTG are used; see Methods), as the MTG influences the strength of the Hadley circulation, and hence the position and intensity of its descending subtropical branch [28] [29] [30] . First, we considered the relationship between the MTG and JJA precipitation, since projected Southern Hemisphere subtropical drying is most pronounced in the austral winter season. During the twenty-first century under transient warming, CMIP5 models generally show significantly decreasing JJA precipitation and a steepening MTG, under both ECP 4.5 and 8.5 ( Fig. 3a,d ). Under ECP 4.5, in the twenty-second and twenty-third centuries, CMIP5 JJA precipitation and MTG trends are mostly indistinguishable from unforced variability (Methods). The CanESM1 simulation (Fig. 3g ) follows a similar evolution from steepening MTG and declining JJA precipitation under transient twenty-first century warming to weakly positive trends in JJA precipitation and negative MTG trends after and beyond ad 2100, as global temperatures stabilize. By comparison, under ECP 8.5, in which CO 2 and global temperature are still rising through the twenty-second century ( Supplementary Fig. 2 ), a transition to uniformly negative MTG trends and uniformly positive JJA precipitation trends (six out of nine models have significant trends) is deferred until the twentythird century (Fig. 3f) , corresponding to the slowing of the GHG increase and its complete stabilization by 2250.
Thus, MTG steepening appears to be closely linked to the rate of change of warming, since it shallows soon after CO 2 concentrations stabilize (around ad 2100 in ECP 4.5 and the CanESM1 simulation, and by ad 2250 in ECP 8.5; Supplementary Figs. 2 and 3 ). This shift to a shallowing MTG is generally associated with a recovery of JJA precipitation. The magnitude of this recovery (weak in ECP 4.5 and stronger in ECP 8.5) corresponds to the magnitude of warming. In summary, Southern Hemisphere subtropical austral winter precipitation, in both CMIP5 models and CanESM1, seems to be closely linked to changing meridional gradients in Southern Hemisphere SST warming. As the models approach global surface temperature equilibrium, warming is greater in the subtropics than the tropics, and initially decreasing subtropical Southern Hemisphere JJA precipitation trends reverse. These results are consistent with an earlier study based on a single model and using idealized experiments 29 that identified a reversal in Southern Hemisphere subtropical precipitation trends in one region following a stabilization of GHG concentrations, and shifts in meridional temperature and pressure gradients. In contrast with the JJA precipitation pattern of initial drying followed by a reversal, austral summer (December through February (DJF)) precipitation trends over the ad 2006-2299 interval are overwhelmingly positive in ECP 8.5 ( Fig. 3d-f) . In ECP 4.5, the majority of DJF precipitation trends (10 out of 16) are significantly positive, although there are two models with significantly negative trends and four with no significant trend, possibly reflecting intermodel differences in the importance of dynamic processes 7 in this lower-emissions scenario. Because they show little relationship to MTG trends (Fig. 3 ) but approximately scale with global temperature ( Fig. 1) , it seems likely that steady increases in DJF precipitation are either a thermodynamic response 7 to warming, or a dynamic response related to tropical, rather than mid-latitude circulation. In summary, model simulations indicate that, after initial transient winter drying, winter, summer and annual Southern Hemisphere subtropical precipitation eventually increase with warming ( Fig. 1 and Supplementary Figs. 5 and 6 ).
Previous analyses 11 have suggested that the twenty-first-century subtropical drying trend occurs predominantly over the ocean. We find that the models simulate stronger drying trends over ocean areas in the Southern Hemisphere subtropics, but the proportionally small Southern Hemisphere subtropical land areas also show twenty-first-century JJA drying trends and a reversal of this trend in the twenty-second and twenty-third centuries ( Fig. 2 and Supplementary Fig. 7 ). Other studies 31 have suggested that the spatial pattern of precipitation change is driven by patterns of SST change as regions that warm least become drier, while regions that warm most become wetter. This is broadly consistent with our results, as the relatively weaker warming in the subtropics leads to a reduction in JJA subtropical precipitation in the transient part of the simulations, which reverses in the near-equilibrium part of the simulations. The relatively weaker warming in the Southern Hemisphere subtropical ocean during transient warming may be driven by strengthened trade winds in that hemisphere 31, 32 . Several additional mechanisms have been proposed to explain trends in subtropical precipitation: changes in stratospheric ozone concentrations, and trends in the Hadley Cell extent and the Southern Annular Mode (SAM). Investigation of these mechanisms indicates that they are unable to explain the identified reversal in austral winter precipitation trends as global temperatures stabilize (see Methods).
Our results indicate that subtropical precipitation in coupled climate models responds within decades to a slowing in the rate of global warming, which in the multi-model mean leads to a change in the sign of Southern Hemisphere subtropical winter and annual precipitation trends. While previous studies 33 have assumed that precipitation changes at all latitudes scale approximately with global temperature, we find that winter Southern Hemisphere subtropical drying may be a transient response that is later succeeded by positive precipitation trends, as the slowing rate of global temperature change allows southern extratropical SST warming to catch up with tropical warming 24, 27, 32 . While Southern Hemisphere subtropical winter precipitation undergoes a reversal in trend, summer precipitation consistently increases with warming, potentially resulting in an overall increase in annual mean subtropical precipitation in a 'near-equilibrium' warmer world. We conclude that future subtropical precipitation changes beyond the traditional Intergovernmental Panel on Climate Change projection timeframe (to 2100) may not simply involve intensification of twenty-first-century trends, but that cessation of subtropical drying may rapidly follow stabilization of GHG concentrations. Reconstructions of subtropical precipitation during past warmer climate states suggest that wetting, rather than drying, is the long-term response of subtropical regions to warmer climates. If the long-term future response in these regions is also wetting, the apparent discrepancy between past and future subtropical precipitation under warm climates 
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Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/ s41558-019-0397-9. Fig. 1 ). To examine whether ECP trends continued beyond ad 2300, we examined global temperature and Southern Hemisphere subtropical precipitation in an idealized simulation extending to ad 3000 using CanESM1, in which CO 2 increases rapidly (to ~2.7× pre-industrial levels) followed by complete cessation of emissions at ad 2100 27 . Further details of the model and experimental design for the CanESM1 simulation have been described previously 27 . Monthly fields of global surface temperature (surface temperature (Ts) for CMIP5, surface air temperature (TAS), for CanESM1), zonally averaged Southern Hemisphere tropical and subtropical temperature (annual zonal mean SST in two latitudinal bands; that is, 0-10° S and 25-35° S), and Southern Hemisphere subtropical precipitation (defined as the average for all grid points in a zonal band at 25-35° S, both for the entire zonal band, and for ocean and land surfaces separately; see Supplementary Fig. 7) were obtained for each CMIP5 model over the period ad 2006-2300, and for the CanESM1 simulation over the period ad 2006-3000. While the ECP scenarios extend to ad 2300, several CMIP5 modelling groups omitted the final year from their archived ECP simulations. Therefore, all of our CMIP5 multimodel analyses extend only to ad 2299 for consistency. The corresponding historical simulations (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) were obtained from each model to provide a reference period, following the Intergovernmental Panel on Climate Change AR5 convention (for example, ref. ). Annual and seasonal mean Southern Hemisphere subtropical precipitation values for DJF and JJA were calculated for each year. The yearly anomalies of annual, DJF and JJA Southern Hemisphere subtropical precipitation for each of the 9 ECP 8.5 simulations, 16 ECP 4.5 simulations and the CanESM1 simulation were calculated for each year of the simulation relative to the historical reference period. The anomalies are plotted in Fig. 1 using robust locally weighted regression (LOESS) 34 to remove interannual to interdecadal scale variability. Our definition of the Southern Hemisphere subtropics as a zonal band extending between 25 and 35° S represents a commonly used definition of the subtropics (http://glossary.ametsoc.org/wiki/Subtropics). Analyses with alternative definitions of this band (20-40° S or 28-38° S) suggested that the precipitation response identified here is not sensitive to the definition of these equatorward or poleward boundaries (Supplementary Fig. 8 ). The exact location of the subtropical boundaries will vary from model to model, and may also shift over time. We chose a zonal band that corresponds to a shared region of coherent climate response, and excludes the latitudes where the boundary between subtropical drying and midlatitude wetting occurs (see Supplementary Figs. 5 and 6 ).
Calculation of MTG. To examine the relationship over time between Southern
Hemisphere subtropical precipitation and the Southern Hemisphere MTG, we calculated a metric of the annual mean Southern Hemisphere MTG as the difference between 0-10° S and 25-35° S zonal mean SSTs (Supplementary Fig. 9 ). The chosen low and high latitude boundaries are consistent with a range of studies that evaluate observed and future changes in the strength and poleward extent of the Hadley Cell, which largely governs moisture transport between the tropics and subtropics. We conducted sensitivity tests (not shown) with alternative definitions of the Southern Hemisphere MTG (that is, 10° N-10° S minus 10° S− 30° S; 20° N-20° S minus 20° S-40° S; and 0-10° S minus 40° S-60° S), consistent with various definitions used in recent studies 30, 35, 36 . These analyses indicated that our results are not sensitive to our choice among these definitions of equatorial and subtropical/mid-latitude bands. We divided each CMIP5 time series and the CanESM1 time series into three roughly equivalent windows defined by the years ad 2006-2099, ad 2100-2199 and ad 2200-2299. For the CanESM1 time series, we defined additional windows for each century to ad 3000. Within each time window, we calculated linear trends of the MTG and of Southern Hemisphere subtropical precipitation for JJA and DJF.
SAM and Hadley Cell extent as possible drivers. The role of changes in the latitude of the southern margin of the Hadley Cell was investigated, as some studies have suggested that subtropical precipitation changes may be driven by a poleward expansion of the Hadley circulation (for example, ref. 37 ). A related driver of subtropical precipitation change is the SAM-a mode of variability associated with the poleward shift of the mid-latitude westerlies in its positive (high SAM) phase. In the current climate, a high SAM results in increased Southern Hemisphere subtropical rainfall in summer (and also spring and autumn) but reduced rainfall in winter 38 . Future projections to ad 2100 show an increased SAM in all seasons in response to increased GHGs 39 . This positive SAM trend is expected to result in increased summer rainfall but reduced winter rainfall in the Southern Hemisphere subtropics 40 . In addition, future projections show that the Hadley Cell will continue to expand poleward with increasing GHGs (for example, refs.
1,5,41 ). We investigated whether either SAM or Hadley Cell extent changes can explain the reversal in Southern Hemisphere subtropical winter rainfall trends as global temperatures stabilize. The SAM index is defined as the difference in the normalized zonally averaged sea-level pressure between 40° S and 65° S (for example, ref. 42 ). The SAM index was calculated for each model under ECP 4.5 and ECP 8.5 for DJF, JJA and annual ( Supplementary Fig. 10 ) and seasonal SAM trends calculated for the twenty-first, twenty-second and twenty-third centuries ( Supplementary Fig. 11 ). Under ECP 4.5, SAM trends are generally positive during the twenty-first century in all seasons, then SAM anomalies remain positive and stable in the twenty-second and twenty-third centuries ( Supplementary Figs. 10 and 11) . Under ECP 8.5, SAM values increase most strongly in the twenty-first and twenty-second centuries in both seasons and stabilize at a higher positive value during the twenty-third century ( Supplementary Figs. 10  and 11 ). Positive SAM values are consistent with increasing Southern Hemisphere subtropical rainfall in austral summer and decreasing Southern Hemisphere subtropical rainfall in austral winter in the transient parts of the ECP simulations 38, 40 , but do not explain the reversal of winter rainfall trends following stabilization of temperatures, as there is no clear reversal of SAM trends in any season.
The Hadley Cell edge is calculated from the latitude where the zonal mean meridional mass streamfunction is zero at 500 hPa (for example, ref. Fig. 12 ) and seasonal trends calculated for the twenty-first, twenty-second and twenty-third centuries ( Supplementary Fig. 13 ). Similar to SAM, there is a clear southward displacement of the Hadley Cell edge in all seasons, with the latitude of the Hadley Cell edge stabilizing around ad 2100 under ECP 4.5 and around ad 2200 under ECP 8.5 ( Supplementary Fig. 12 ). The trends in Hadley Cell edge latitude are southward (negative) under transient climates (the twenty-first century under ECP 4.5, and the twenty-first and twenty-second centuries under ECP 8.5) and then near zero following stabilization of global temperatures ( Supplementary Fig. 13 ). There is no reversal of the trend in Hadley Cell edge latitude, so we conclude that changes in the southward extent of the Hadley Cell do not drive the reversal in Southern Hemisphere subtropical winter rainfall trends.
Ozone recovery. Stratospheric ozone depletion in the historical period has been linked to increases in austral summer precipitation in the Southern Hemisphere subtropics due to a poleward shift of the extratropical westerly jet 44 . The recovery of stratospheric ozone in the twenty-first century would therefore favour reduced austral summer precipitation, but the absence of such a summer drying trend in projections (including ECP 4.5 and ECP 8.5; see Fig. 1 ) indicates that GHG increases dominate the response (for example, refs. 39, 45, 46 ). In addition, changes in stratospheric ozone concentrations are prescribed to return to pre-industrial levels by ad 2050 45 ; therefore, they cannot explain the reversal of JJA precipitation trends in ECP 4.5 around ad 2080 and in ECP 8.5 around ad 2200.
Comparison with control runs. To evaluate whether the observed linear trends of the Southern Hemisphere MTG, and of Southern Hemisphere subtropical JJA and DJF precipitation, are significantly different from those expected under unforced variability, we obtained control runs for the 16 CMIP5 models that ran extended RCP simulations 12 . We used these control runs differently for JJA and DJF precipitation trends, for the following reasons. For JJA, twenty-firstthrough twenty-third-century precipitation trends clearly show a reversal in sign, which we have shown is closely linked to changes in the MTG (Fig. 3) . Because our goal was to evaluate the significance of future bivariate MTG versus JJA precipitation change, we divided the control runs into 94 unique 100-year intervals, from which we extracted linear trends of the MTG and JJA precipitation. We standardized the 94 control-run MTG and JJA precipitation datasets, then converted each standardized MTG slope versus standardized JJA precipitation slope pair into its radial distance from the origin, using Pythagoras' theorem. We then standardized our twenty-first-to twenty-thirdcentury MTG and JJA precipitation trends with respect to the mean and s.d. of the 94 control-run MTG and JJA precipitation trends, respectively, before converting these standardized twenty-first-to twenty-third-century trends to radial distances from the origin. Where the standardized radial distances of the twenty-first-to twenty-third-century MTG versus JJA precipitation trend slopes are < 2 s.d. from the origin, measured in standardized units of the corresponding control runs' slopes, we interpret them as trends that might occur solely due to unforced variability. In contrast, where their values are ≥ 2 s.d., we interpret them as unlikely to occur in the absence of increased GHG forcing (Supplementary Fig. 14) .
For DJF, twenty-first-through twenty-third-century precipitation trends show no change of sign, but, particularly in ECP 8.5, are consistently positive (Fig. 3) and do not have a strong relationship with the MTG. Therefore, we evaluated the significance of the DJF precipitation trends over the entire 2006-2300 interval and employed a univariate approach. To evaluate the significance of these trends, we divided the control runs into 22 unique 295-year intervals, from which we extracted linear trends of DJF precipitation, and calculated their 2.5 and 97.5 percentiles (approximately -2 and + 2 s.d.). Where the 2006-2300 DJF precipitation trends are ≤ − 2 or ≥ + 2 s.d. of the control DJF precipitation trends, we interpret them as unlikely to occur in the absence of increased GHG forcing (Supplementary Fig. 15 ).
Comparison with the full set of RCP simulations. Because only a subset of CMIP5 models (the 'ECP models') undertook the extended simulations to ad 2300 (16 for ECP 4.5 and 9 for ECP 8.5), we evaluated the possibility that the ECP subset is a biased sample of the full set of CMIP5 models, by comparing the performance of the ECP models during the twenty-first century with the full set of available CMIP5 models that solely undertook twenty-first-century runs (the 'RCP models'). We compared their performance using Student's t-tests, which indicated that mean twenty-first-century trends of JJA and DJF precipitation and of the MTG in the ECP models are indistinguishable from those of the RCP models ( Supplementary  Fig. 16 ). We thus concluded that the ECP subset is broadly representative of the full set of CMIP5 models.
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